and only one explosion and fire had occurred.
I intend to illustrate various points by extracts from the accounts of accidents which have happened.
One of the first reports of an anxsthetic explosion in this country appeared in the British Medical Journal of 1892 (ii, 1457) . In America as early as 1896 they decided to try to minimize the fires and explosions which frequently occurred, and organized the National Fire Protection Association, a body which has just published an up-to-date code of practice.
In (1) The presence of an inflammable liquid or vapour in sufficient quantity.
(2) A source of heat sufficient to raise the liquid to its "flash point" or the vapour to its "ignition temperature". Take the first condition. In anesthesia the following drugs will ignite in liquid form and also give off an inflammable vapour: Ethyl chloride, ethyl and di-vinyl ethers. There has been some controversy in the medical press of late as regards the explosibility of ethyl chloride. There is no doubt that liquid ethyl chloride is inflammable and that when mixed with 5 to 150% of air it is explosive. It is rarely used with oxygen but a mixture of ethyl chloride and oxygen would explode with extreme violence. Ether is inflammable in liquid form, but-and here f quote from Hewer (1948) -if ether is contaminated with peroxides it will ignite in the liquid state at a temperature of 100°C., that is, at the boiling point of water. Ether vapour will ignite at 184°C. It is also well to remember that a mixture of nitrous oxide, oxygen and ether is more highly explosive than ether and oxygen. This is MAR.-ANAESTH. 1 2 due to the fact that nitrous oxide disintegrates at temperatures above 450°C. and therefore the initial temperature of the explosion will liberate more oxygen by disintegrating the nitrous oxide, thereby stepping up the violence of the explosion. I shall here quote two cases showing the difference between the risk of using ether and air and ether and oxygen.
(1) Endotracheal ether was being given-by insufflation for some facial operation and an electric pump produced the stream of air. A cautery was used and this lit the escaping ether vapour which burnt above the patient's mouth like the flame of a blow lamp, until the flow was cut off! The patient was not burnt. Had oxygen been used, the mixture would have detonated in the patient's lungs.
(2) A patient for laryngoscopy was anaesthetized with ether-the anesthetic being maintained by blowing ether and oxygen through a hook into the mouth. The surgeon seated at the head of the table turned on the laryngoscope light which was connected to a rheostat supplied by the mains.
Having turned on the laryngoscope he talked to the students for a minute or so and then turned round to put this instrument into the patient's mouth. There was an immediate explosion-the surgeon was flung from his seat on to the floor and a flash travelled back, wrecking the Boyle's machine, scorching the anaesthetist's hands and face and singeing the front part of his head. The patient died immediately and a post-mortem examination revealed extensive damage throughout the whole of the bronchial tree, the lungs being ruptured and contused throughout-in fact, a picture of blast injury. On investigation with the help of the National Institute of Physical Research it was found that the light bulb of the laryngoscope fed from the rheostat reached a considerable temperature in a very short space of time and that with the temperature obtained when the lamp was turned on for sixty seconds, certain concentrations of ether and oxygen could be exploded.
Next there are the gases, used in anesthesia, which will ignite and explode when in contact with a source of heat: Ethylene, acetylene (both of which are used but rarely if ever in this country) and, of course, cyclopropane. When pure, cyclopropane will burn in air. The following table gives the limits of explosibility in air, oxygen and nitrous oxide, as shown so admirably by Hewer (1948a If the wire carrying a current be broken a spark will occur, but the intensity of the spark is governed by the flow of current, the amperage. Take for example the switching on and off of a pocket torch. There is a spark, but so minute that it cannot be seen and is usually harmless, but remove the cover from an ordinary domestic electric light switch and each time you switch it on and off quite a distinct spark will be seen. Here is an example where a pocket torch did ignite and even explode ether vapour: it occurred during a throat operation under general anwsthesia.
The anresthetist was using a Shipway apparatus and Davis gag. Induction was by ether and oxygen and when the operation was about to start the ether was turned off and chloroform used. The ether bottle, however, had been surrounded by very hot water and as the surgeon used a pencil torch for some purpose an explosion occurred which flashed back to the ether bottle, which burst. The fire was quickly controlled. The surgeon sustained a cut eyebrow and apparently no other personnel was affected. However, the patient developed pneumonia and died a week later. At post-mortem pieces of glass were found embedded in the mouth and pharynx. Thomas (1950a) calls these sparks "break" sparks. There is also another type of spark which he calls a "wipe" spark. The "wipe" spark is the spark seen when an electric motor is running and occurs between the brushes of the motor and its armature. Such sparks are met with in suction or other motor-driven apparatus. Break sparks of low voltage. are of short duration-by this I mean a few thousandths of a second-too minute in fact to produce much heat. Break sparks of higher voltage than 100 volts tend to develop into an arc or continuous discharge of sparks, the best example of which is the high-frequency current used for coagulation. These are naturally liable to ignite and/or explode an inflammable vapour.
(2) Now a few words about "Static" electricity. Static charges are set up wherever friction occurs. The quantities are usually very small even though the potential may be great. More often than not the charges arise on conductors and quickly leak away; it is only on good insulators where ion movement is very limited that the charges stay put and so become detectable. For this reason they are called "Static" charges and the force between them is often called electro-static force. When two objects having different electric potentials are approaching contact, a spark will occur. Thomas (1950a) calls these sparks "jump" sparks. These differ from the "break" spark which occurs when the conducting medium is broken and the ends are parted. Static electricity can be discharged to earth.
Static sparks will not usually occur in air unless the voltage is above 350 volts or if they do occur they are less than 1/1000 of an inch in length and quite incapable of igniting an inflammable vapour. In general, static sparks are of short duration-about 1/1,000,000 of a second. Their discharge is usually oscillatory in character-the greatest amount of the charge passing in the first oscillation or perhaps in as short a time as 1: 100 millionth part of a second, but here is the danger-the flow of current in that infinitesimally short space of time may reach as high as 100 amperes when the voltage is high. This kind of current will of course result in the ignition and possibly the explosion of an inflammable vapour. Static electricity can be generated in the operating theatre in many ways, even by the passage of dry gases along the inside of the elephant tubing which connects the ordinary Boyle's machine with the patient. The amount is, however, very small. It may be increased by the presence of dust and reduced to a negligible quantity when the inside of the tube is rendered moist by being immersed in water before the anxesthetic is started. The rest of the causes are clearly displayed on the Warning Notices in or near all operating theatres. The type of atmosphere which favours the production of static charges is the cold dry variety with high barometric pressure. This is not often found in this country, but frequently occurs in America. In modern theatres with air-conditioning this should not be present, but it is important to remember that the humidity of the air plays its part. Thomas (1950b) calls attention to the voltage-5,000 to 15,000 volts-obtained on an un-grounded theatre trolley when a sheet or blanket is withdrawn across the mattress or the mattress is rubbed a few times with a dry hand.
A correspondent sends me the following account: "Whilst anaesthetizing a neurosurgical case in 1933 I had occasion to stretch my hand out to the anxsthetic machine in order to cut down the rate of flow in the ether drip. There was a sudden large spark from my index finger to the machine before I made contact with the latter and this set fire to some ether which had been seeping through a fine crack in the apparatus. The apparatus was enveloped in flames which were quickly put out and actually little damage was done. The patient was unharmed. The explanation of the accident is simple. My feet were on a thick non-conducting rubber mat and when I was taking the pulse, often at the same time as the diathermy was being used, I became charged up like a condenser."
Under Electrical I must of course mention the cautery and diathermy. Need 1 say any more about these two betes noires of the anmsthetist's life?
Non-electrical.-In this group come fires of all sorts: coal-fires-gas-fires-cigarettesmatches-the dropping of heavy metal objects upon a stone or composition floor causing a spark-sterilizers such as portable ones with a methylated burner to heat them-even the hot air syringe used by dentists. All these and no doubt other sources such as candles and paraffin lamps are met with, usually in private houses and seldom in hospitals, except perhaps the cigarette and match.
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And lastly, spontaneous sources of heat.
When the "Endurance" type of reducing valve was fitted to oxygen cylinders and when, during the war, the oxygen cylinders were filled 100% above pre-war pressures, fires occurred on several occasions. This was usually due to someone turning on the oxygen rapidly and fully. The valves were changed to the "Adams" type, since when the trouble has ceased.
Oil and grease should never be used in contact with highly compressed oxygen, nor should a reducing valve which has been used for nitrous oxide be switched over for use with oxygen, since a very fine film of oily substance is left behind in the valve by the N20. The risks attached to each individual drug or gas.
Ethyl chloride.-As a liquid it is very inflammable and therefore should be treated as any other inflammable liquid. As a vapour in concentration of 5 to 150% in air it forms a highly explosive mixture. It should not therefore be used anywhere near a source of heat.
In one of the letters I received in reply to my queries, the correspondent himself had had a wart removed from his abdominal wall with a diathermy needle after the surgeon had frozen the spot with ethyl chloride. The victim described his burns with feeling.
Ether.-Di-vinyl and ethyl ethers have vapour densities of 35 and 37 respectively. Di-vinyl ether is very unstable and decomposes rapidly when exposed to the air, but is explosive when mixed with air, oxygen or nitrous oxide. Ethyl ether is highly inflammable and volatilizes readily at ordinary room temperatures. The vapour-over two and a half times heavier than air-sinks rapidly to ground level and tends to spread out over the surface of the floor without mixing with the general atmosphere. Herein lies one of its dangers-that of ignition at ground level at some remote spot which initiates the "cool flame": this travels slowly and is invisible in daylight. The result may be an explosion close to the patient without any warning.
As an actual example of this: For a throat operation, ether was being insufflated through a Davis gag. The surgeon used a headlight connected to a battery on the floor behind his stool. During the operation the headlight went out and a fire started around the battery on the floor. This was due to worn leads producing a sufficient spark to ignite the ether vapour which had travelled along the floor.
No injury was caused either to patient or personnel, and there was no explosion.
As I noted earlier in this paper, ether ignites in air between small limits of concentration; that is from 3 to 90%; it explodes between 19 and 340%. If ether has to be used in the presence of a source of heat the mixture should be made with air and not oxygen or nitrous oxide and oxygen. Remember that the addition of oxygen to ether vapour increases the limits of inflammability and explosibility to from 3 to 80%. Hewer (1948b) also points out that fatal accidents have occurred from the use of a diathermy needle on skin prepared for operation with ether or spirit. Contamination with peroxides lowers the ignition point of liquid ether and it may ignite at as low a temperature as 1000 C. Contamination of ether by peroxides is very easily produced by strong sunlight. It is important therefore to see that ether bottles are not exposed to sunlight, that the bottles themselves are made of coloured glass, and that where wicks are used, these are removed, rinsed and dried daily. Some copper should be immersed in the ether to act as an anticatalyst: all Boyle's ether bottles have the "U" tube and plunger made of copper. Cyclopropane has a vapour density of 21 025 and is therefore heavier than air and tends to sink to ground level, but it is seldom used in this country except in a closed circuit and if a leak occurs the vapour readily diffuses into the atmosphere and becomes too weak to ignite or explode. On the other hand if the source of heat such as a diathermy or cautery approaches too close to the leak, an explosion will occur. Most workers have claimed that the danger area is within a foot of the leak. Greene (1941a) collected 10 cases in which ether, ethylene and cyclopropane have been ignited more than 12 inches from the nearest leak, but could find no fatality caused by the presence of cautery or flame outside a 12-inch radius surrounding the upper respiratory tract.
The following description of an explosion using cyclopropane and oxygen brings to light several interesting points. The operation proposed was a subtotal gastrectomy for a chronic duodenal ulcer. The patient was 64 years of age and fairly fit. A cuffed orotracheal tube, size No. 10, was passed and was connected up to the Coxeter-Mushin absorber using Nosworthy's attachments. The cuff was inflated and the circuit checked up to ensure it was airtight. The oxygen was run at 200-300 c.c. per minute, and the cyclopropane at 50-100 c.c. per minute. With this rate of flow the bag generally filled and had to be emptied several times during the operation.
My correspondent goes on: "After the operation had progressed for about an hour, the duodenum had been mobilized, clamped and sectioned. At this time the patient was under controlled respiration but as the effect of the curare was beginning to wear off, I got up and moved round to give a further dose of curare from the syringe strapped to his right arm.
"I went back to my seat and leaned forward towards the machine to pick up the bag and tubing which had been put down on the lower shelf of the Boyle's machine. As I had the tubing in my hand there was a sudden explosion which deafened everyone, and I saw a 'ball of flame' at the site of the rebreathing bag. For a moment I couldn't think what had happened, and then hurriedly looked at the patient. He was very pale and his pulse volume poor, rate 60 per minute. As he had been on controlled respiration and he was not breathing I immediately sent for another machine and connected up. He began breathing spontaneously soon afterwards, and his general condition improved very considerably. The operation was continued, as it had reached such a stage that it could not be terminated, and there was no indication to me at that time that the patient had suffered any great harm.
"Fifteen minutes later his pulse volume became weaker although his pulse remained steady and he became rather cyanosed, and sooIn after this his respiration became 'bubbly'. I aspirated his lungs and obtained bright red blood and clots. So I then put up a blood drip.
"The operation was proceeded with as quickly as possible. I kept aspirating blood from his lungs. The pulse remained steady at 88, and was a good volume.
"At the end of the operation the patient was kept in theatre and watched. He was breathing well, his colour was good and his pulse-rate and volume were both satisfactory. "He then began to develop emphysema, first of the cervical region and then of the thorax, and his colour became poor.
"A bronchoscope was passed and several blood clots were removed. There was damage and emphysema of the tracheal mucous membrane. Portable X-ray showed no pulmonary collapse and no pneumothorax. His condition slowly deteriorated and he died five hours later.
"The only damage to any member of the surgical team, &c., was to myself. I received one or two small lacerations on the back of the left hand.
"The machine used was the standard Boyle's with a Coxeter-Mushin absorber. The concertina type rebreathing bag had been modified by being replaced by a length of corrugated tubing with a Magill rebreathing bag at the end. Prior to the explosion there was no evidence of a leak.
"The explosion caused both glass domes to be cracked, the Magill bag and tubing was burst and the connexions to the machine and the Nosworthy's connexion were blown apart.
"Throughout the whole operation no diathermy or electric apparatus was used. The sucker was a hydrostatic one. There was one spotlight standing about 1-2 feet from the machine. This was checked afterwards and found to be in perfect order.
"The Home Office sent someone to investigate. The only thing which he told me was that the conductivity of the floor was not up to standard. It is one of those composite floors with small marble chips intersected by brass strips."
Precautions to prevent fire or explosion during anwsthesia.
The obvious answer to this is never to use any drug or gas which is inflammable as a liquid and explosive as a gas. This would of course be absurd until such time as research workers produce either the perfect anesthetic drug or the perfect anasthetic gas. On the other hand, f cannot help feeling that the advent of muscle relaxants has gone a very long way in helping to reduce the fire and explosion risk. When dealing with the anasthetic for any operation which involves the respiratory tract, it is quite possible to produce and maintain a light plane of anzesthesia by using a muscle relaxant followed by nitrous oxide, oxygen and trilene or very small and repeated doses of thiopentone in place of the trilene. It is, however, of the utmost importance that the anxsthetist using this method should be thoroughly conversant with the right technique, by which f mean pre-operative treatment, the anasthesia itself and post-operative treatment, especially during the time between the end of the operation and the patient's return to the ward. I have taken the respiratory tract first as I feel that the risk of explosion and its resultant fatality is most likely to occur in this particular province. Further down the body-abdominal work for instance, where the surgeon wishes to use a diathermy or a light inside the abdominal cavity-the risk of explosion if ether or cyclopropane are used in a closed circuit is considerably reduced, provided that it is remembered that the foot switch on the floor should be of the spark proof type, and that diathermy and suction apparatus must be placed three feet above floor level as a minimum. On the other hand there is choice between two methods for abdominal work combined with "sparks": analgesic drugs can be used as regionals, field blocks or spinals, or the muscle relaxants used with a light plane of anaesthesia as described above. One of my correspondents performed an interesting experiment to prove to the surgeon that the stomach contains an explosive mixture, when ether and oxygen are used, and that a diathermy is dangerous in these circumstances.
"The outer end of a stomach tube was led into an open bucket placed by the operating table during a gas/oxygen/ether anesthesia for a gastric operation. At the end of the operation, the bucket was taken outside the theatre and a lighted match thrown in-the resulting explosion quite convinced the doubting surgeon still within the theatre!" Another correspondent writes: "A diathermy needle was used to open both gall-bladder and stomach. Gall-bladder opened normally; on diathermy needle entering stomach there was a very violent explosion. Anesthetic apparatus in use at this time was a Boyle's gas and oxygen machine delivering a mixture of gas, oxygen and ether. As the mask was a very good fit for the patient's face, held in place with a Clausen's harness, and the diathermy was some distance away, no great danger had been anticipated. I myself, after being momentarily stunned by the explosion, found myself with multiple superficial lacerations of the face, a perforation of the right ear drum, and my theatre gown on fire. This resulted in some slight burns to my right arm. The theatre windows were open as it was a very warm day and were undamaged, but a glass instrument cabinet against the wall was broken. The surgeon had a traumatic perforation of the left ear drum, the assistant surgeon and the house surgeon a perforation of the right ear drum. Theatre personnel were otherwise unhurt. The patient did not appear to be much the worse and the operation was finished. The patient recovered from operation but died some six weeks later from the carcinoma of head of pancreas."
During abdominal operations as in all other operations when a sucker is used, it is most important to see that it does not spark, or if it does that it is placed at such a height that it is above "leak level", except in the case of ethylene, which has a vapour density lighter than air and therefore floats.
The ideal operating theatre and anasthetic room.-Ignition and explosion risks can be very considerably reduced if:
(1) The floor is conductive and grounded. It is no good attaching chains to apparatus hoping to earth them if the floor is covered with non-conducting rubber. Composite floors can now be laid which comply with the above requirements. In country districts where the floor in the cottage hospital may be of linoleum or other insulating substance, much can be done by swabbing the floor with water prior to anesthetizing patients.
(2) Humidity. This is a very vexed question. Greene (1941b) in his analysis of cases of explosion during anaesthesia found that only 2 cases occurred when the humidity was 60%; 3 cases when it was around 55 %; and 32 when it was below 500%.
(3) All apparatus must be earthed to the floor and the proper way to do this is to have chains-two chains to each piece of apparatus in case one comes adrift-and to see that these are chains of non-spark-producing material, such as brass, and that they are of sufficient length to trail on the floor. If rubber cups are used on the feet of stools, surgeons' platforms, &c., they should be of conductive rubber. Trolleys and operating tables should be earthed. There should be conductive rubber tyres on trolleys and the mattresses should also be of conductive rubber. Before the anesthetic is started the blankets should be replaced by towelling.
(4) Personnel should be shod in conductive rubber boots or if they wear leather this should be damped with water and kept moist during the danger period. Clothing should be of cotton-f mean the outer clothing-as silk, rayon and wool are good media for generating static electricity.
(5) Light and power switches should all be at a level not less than three feet from the ground, and in the case of power switches and all switches carrying a heavy current it is much safer to have a non-spark mercury switch. This is done by placing mercury in a sealed tube so that in one position it makes contact and in another position contact is broken. Any sparking occurring will be sealed off inside the tube. If electric stoves are used to warm the theatre they may safely be used provided they are placed not lower than seven feet from the floor level. All suction machines should be outside the theatre and "ports" only to which the sucker can be connected inside the theatre.
In most private houses or flats there is an electric or gas fire, and these can be very easily turned out before commencing the anesthetic, but in the old days and in the country to-day it is not uncommon to find a really nice coal fire. There is one famous nursing home in London at the present time that still allows patients the luxury of a coal fire in their bedroom. Here is a method of dealing effectively with this hazard in a rapid and clean manner. Take a couple of sheets of cotton-wool the full width of a pound packet and about a foot wide. Dip them in water and by gently squeezing remove sufficient water to prevent them dripping on the carpet. Lay them over the fire just as it is and they should be big enough to cover it completely from the back right over the front bars almost to the floor level. If it is a very big fire another wide strip can be placed on the top of these, but it is seldom necessary. By the end of the operation they will be almost dry and can easily be removed as the fire, although still sufficiently good not to require relighting, is well under control.
(6) Smoking and the throwing down of matches have already been mentioned. When a fire or explosion does occur, I should imagine that it is difficult to collect one's senses and do something quickly, but I am quite sure that this time-lag will be greatly reduced if one has a clear idea of exactly what line to take, should this tragedy occur. The first essential is to free the patient from all contact with the machine, and this should be done automatically by the anesthetist in the shortest possible space of time.
Should an oxygen cylinder catch fire at the valve it will flame with intense heat: if it happens as the cylinder is turned on, turn it off quickly-you will get no second chance to do this. If it is too late to turn it off because of the heat, try to remove as many as possible of the inflammable objects from its immediate vicinity and to stand by with a fire-extinguisher to deal with any object fired. It may take a little time but it will eventually burn itself out. In case of fire it is important to know exactly where the fire-fighting apparatus is-and it should be placed in a spot easily accessible from either theatre or anesthetic room. For an ether or spirit fire the foam gun is the best, but care must be taken not to use it too close to the liquid or this will be blown out over a larger surface.
